sheep with mild or moderate pulmonary edema we determined whether the protein composition of lung lymph is representative of free interstitial fluid. We measured protein concentration and albumin fraction in l-p1 samples of plasma, lung lymph, and free interstitial fluid. We also measured lung lymph flow. In five sheep with edema caused by increased pulmonary microvascular pressure, the average (+ 1 SE) plasma protein concentration was 6.0 5 0.4 g/l00 ml, lung lymph 3.4 * 0.2, and interstitial fluid 3.1 t 0.3. Lymph flow increased from an average base-line value of 9.4 ml/h to 43.4 ml/h during edema.
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Average albumin fractions in lymph and interstitial fluid were 0.56 * 0.02 and 0.50 t 0.01, respectively, compared with 0.44 5 0.01 for plasma. In five sheep with increased-permeability edema, average plasma protein concentration was 5.7 2 0.3 g/ 100 ml, lung lymph 4.1 t 0.4, and interstitial fluid 4.6 * 0.4. Base-line lymph flow was 11.0 ml/h and increased to 27.8 ml/h during edema. Average albumin fractions in lymph and interstitial fluid were 0.53 * 0.01 and 0.50 * 0.02, respectively, compared with 0.43 t 0.01 for plasma. We conclude in both high-pressure and altered-permeability edema, the protein composition of lung lymph collected from the major lung efferent lymphatic is representative of the free interstitial edema fluid. respiration; albumin fraction; permeability; pleural lymph; Pseudomonas bacteremia; lung water content; pulmonary edema; lymphatics; microcirculation; pulmonary circulation WE ARE ATTEMPTINGT~DETERMINE whethertheprotein concentration of lymph from the major efferent lung lymphatic in sheep is representative of the protein concentration of free interstitial fluid (9, 10). It is important to answer this question because in calculating the forces in the Starling equation for net fluid movement across exchange vessels we (3, 10) and others (1) have assumed that lymph represents perimicrovascular fluid. We recently showed by quantitative autoradiography (6) that tracer protein concentration in the steady state is constant throughout the intrapulmonary lymphatics in normal mice. We did not examine the extrapulmonary lymphatics and could not obtain interstitial fluid from normal lungs.
In the work presented here we produced mild-to-moderate interstitial pulmonary edema by two different methods in sheep and compared the protein composition of free interstitial edema fluid and of lung lymph collected from the major extrapulmonary duct. We found the two fluids to be nearly equal in protein composition.
METHODS
We prepared 10 sheep by a series of three thoracotomies according to the methods of Staub and co-workers (11) Briefly, we anesthetized the sheep with thiopental sodium (30 mg/kg iv) and inserted a cuffed endotracheal tube, maintaining anesthesia with l-Z% halothane delivered by positive-pressure ventilation.
First, we removed the systemic contribution to the caudal mediastinal lymph node. Next,we placed silicone catheters in the left atrium and pulmonary artery through which we measured pressures and a 16F balloon catheter in the left atrium to raise pulmonary venous pressure. These two operations were done several days before the experiment. On the day of the experiment we anesthetized the sheep and placed a heparinized silicone catheter (Dow Corning Corp., Midland, Mich.) in the main efferent duct of the caudal mediastinal node. We partially closed the chest by wiring the ribs together with stainless steel wire and maintained the sheep on positive-pressure ventilation during the remainder of the experiment. We placed catheters in the carotid artery for measuring systemic blood pressure and in the external jugular vein for sampling blood and for intravenous infusions. We measured pulmonary artery, left atrial, and systemic blood pressures with strain gauges Oxnard, Calif.) and recorded them on a polygraph (Grass model 7, Quincy, Mass.).
During the experiment the sheep was supine and remained lightly anesthetized with 0.5-l% halothane. We produced edema in five sheep by inflating the left atria1 balloon to increase left atria1 pressure approximately 35 cmH,O. The most dependent margin of the lungs was used as the zero-pressure reference level. We produced edema in the other five sheep by increasing microvascular permeability with intravenous infusions of Pseudomonas bacteria as described by Brigham and co-workers (2).
We collected lymph in graduated centrifuge tubes for 15min periods and took blood samples every 30 min during the base-line period (30-45 min) and during the experimental periods.
In the sheep with increased-pressure edema, the experimental period averaged 3.5 h and was terminated after the lymph flow had reached a plateau following the final increment in left atria1 pressure. In the sheep with increased-permeability edema, the experimental period averaged 5.5 h.
Terminally, we opened the chest via a sternum-splitting incision, inflated the lungs to 30 cmH,O, crossclamped the hilar vessels and bronchi, and removed the lungs. One lung was frozen immediately in liquid nitrogen (-196°C) .
We placed the other lung under a stereomicroscope and collected samples of fluid with glass micropipettes from interlobular septae and pleural lymphatics. We used micropipettes, with beveled tips of approximately 100 pm diameter, to puncture directly through the pleura and removed l-4 ~1 of fluid from septae and pleural lymphatics.
We obtained an average of two samples from septae and three samples from pleural lymphatics per animal. After sampling we froze the lung in liquid nitrogen.
We placed the frozen lungs in a cryostat (-30°C) (Harris Refrigeration Co., model 40, Cambridge, Mass.) and removed samples of frozen material with a pointed scalpel blade from the cuffs surrounding large hilar vessels and airways (13). We placed the frozen cuff samples in Z-ml plastic beakers and thawed them at room temperature.
We obtained Z-to 4-~1 samples of fluid from each of five cuffs per animal.
We centrifuged the blood and lymph samples and measured the protein concentration of plasma, lymph, and lung fluids by the method of Lowry et al. (4) 1 h. We elevated pressure in increments to avoid acute right heart failure. The lymph flow began increasing 5-10 min after the pressure was increased. The average lymph flow was 9.4 t 2.0 ml/h in the base-line period and rose to 43.4 t 6.5 ml/h after left atria1 pressure increased (Table 1) . The lymph became slightly sanguinous with the high microvascular pressure, but the lymph hematocrit never exceeded 0.5%. We have not corrected the lymph proteins for this small blood contamination.
Plasma protein concentration did not change during the experiment. The average base-line value was 5.98 t 0.32 g/l00 ml compared with 6.02 t 0.38 for the experimental period. Lymph protein concentration fell from an average base-line value of 4.45 -+ 0.34 g/100 ml to 3.36 -+ 0.22 for the experimental period. The lymph-plasma protein ratios for base-line and experimental periods were significantly different, 0.74 and 0.56, respectively. Average lung interstitial fluid protein concentration was 3.11 -+ 0.25 g/100 ml and was not significantly different from the final lung lymph.
The average fraction of albumin in plasma for the control period was 0.45 t 0.02 and 0.44 t 0.01 for the experimental period. The fraction of albumin in lymph was 0.56 t 0.02 in both the control and experimental period. The average fraction of albumin in interstitial fluid was 0.50 * 0.01, which was not significantly different from the lung lymph.
At the time we removed the lungs, they appeared red and congested. The interlobular septae and pleural lymphatics were distended, and we obtained samples from these in four sheep.
The frozen lungs had moderate size cuffs around hilar vessels and airways. There was also cuffing in the smaller vessels in the dependent lung regions. Most cuffs had a whitish color, although some appeared to be blood-tinged.
The wet-to-dry weight ratio for the blood-free lung averaged 5.56 _ .
+ 0 80 (1 SD), with a range of 4.48-6.19, compared with our normal value for sheep of 4.08 t 0.14 (3, 9). The water content increase averaged 37% (lo- 52%), which is in the range of mild-to-moderate interstitial edema l Increased microvascular permeability. In the sheep receiving Pseudomonas bacteria infusions, there was an early two-to threefold increase in pulmonary artery pressure, which remained high for about an hour, then began falling, but did not reach base-line values. Usually, lymph flow began to increase 30-45 min after the infusion was started and reached its peak flow rate about 45-60 min later. In three sheep lymph flow began falling terminally, but never reached base-line values. In one sheep the lymph flow continued increasing throughout the experiment, and in one sheep the lymph flow, after peaking, decreased to below base-line values. On the average, the base-line lymph flow was 11.0 k 29 ml/h and the average final lymph flow was 27.8 t 7.2 ( Table 2 ). The lymph was never sanguinous.
Average base-line plasma protein concentration was 6.14 t 0.21 g/100 ml, which was significantly higher than the experimental value of 5.74 t 0.25. Average base-line lymph protein concentration was 4.59 t 0.38 g/ 100 ml, which was significantly higher than the final experimental value of 4.07 _ + 0.43. However, the lymphplasma protein ratio for base-line and experimental periods were only slightly different, 0.75 and 0.71, respectively. Lung interstitial fluid protein concentration averaged 4.56 _ + 0.36 g/100 ml, which was not significantly different from the lung lymph.
The average fraction of albumin in the base-line plasma was 0.42 2 0.02, compared with 0.43 t O-01 in the final experimental plasma. The base-line lymph fraction of albumin was 0.56 t 0.02, compared with 0.53 -I-0.01 in the final experimental lymph. The average fraction of albumin in lung interstitial fluid was 0.50 t 0:02, which was not significantly different from the final lung lymph.
Grossly, the lungs were the expected normal pink (not congested). There was no evidence of dark red patches in the dependent parts characteristic of alveolar flooding. The interlobular septae and pleural lymphatits were distended with fluid. We were able to obtain adequate samples from septae in three animals and from pleural lymphatics in all animals.
In the frozen lung the perivascular and peribronchial cuffs were small to moderate in size. They were whitish in appearance and the melted samples were clear and colorless. The cuffs were found predominantly around hilar vessels and airways and to a lesser extent in the smaller vessels in dependent regions. The average extravascular water-to-dry weight ratio of the blood-free lungs was 4.40 t 0.48, with a range of 4.07-5.25. This represents mild interstitial edema.
DISCUSSION
We produced a mild or moderate edema in all 10 sheep. There was no evidence of alveolar flooding or airway fluid in any of the animals. The lung extravascular water-to--dry weight ratio also indicates a mild-tomoderate edema, The average extravascular water-todry weight ratio in the increased-pressure edema was 5,56 and in the sheep with Pseudomonas bacteremia was 4.40, compared with our normal range of 3. 8-4,2 (3, 9) . This was in keeping with our intent to achieve only interstitial edema and reasonably steady-state conditions even though these were acute experiments in anesthetized sheep. The lymph flow responses and protein concentrations are not quite the same as in chronic experiments described by Erdmann et al. (3) and Brigham et al. (2) . This is probably due to the sheep being anesthetized and acutely operated upon.
Our most difficult problem was to obtain adequate samples of free interstitial fluid in which to measure protein content. It was particularly difficult to obtain samples from interlobular septae. Even though the septae were distended, it was often impossible to withdraw enough fluid for protein analysis. We believe it was due to obstructidn of the micropipette tip by fibrous strands or other insoluble material as we tried to draw sufficient volume into the pipette. Also, a relatively large septal space is required in order to co11 .ect 2 ~1 of fluid . If we assume the interlobular septae to be rectangular in shape and 200 pm wide, it would require an area of 10 mm2 to obtain 2 ~1 of fluid. There was a similar although lesser problem in sampling from pleural lymphatics. The lymphatics looked distended, but it was difficult to withdraw adequate fluid samples from them. In order to obtain at least 2 ~1 of fluid from a lymphatic 200 pm in diameter, we had to empty a 6.4-cm length of vessel.
There are some minor variations between the protein concentration of lung interstitial fluid and lymph and these could be related to technical problems. We collected the lung lymph in the living animal before opening the chest whereas the interstitial fluid was collected from the excised lung.
We have produced a mild or moderate edema in which there are interstitial fluid sampling sites in only the dependent regions of the lung. We are comparing the protein concentration of individual, discrete samples with that of lymph, which represents an integrated sample from the whole lung. It is not surprising that there are some variations in the protein composition among the individual samples taken from different sites in the interstitium, but on th .e average th significantly differen t from the 1 ung lymph.
.ey are not
We could not find any data in the literature comparing the protein composition of lung lymph and interstitial fluid (9). Only indirect estimates of protein concentration in lung interstitium have been made with radioactive labels (5, 12). These estimates are controversial because of necessary assumptions about the distribution of the radioactive tracer in the interstitium. In this study we circumvented this problem by directly sampling free interstitial fluid from perivascular and peribronchial cuffs and comparing its protein composition with that of plasma and efferent lung lymph.
Nicolaysen et al. (6) showed in normal mouse lungs that the concentration of tracer protein was not altered by the intrapulmonary lymphatics.
We have extended these findings in the present study to show that the lymph protein concentration is not significantly different from that of free interstitial fluid. Although our
